Proteins are central to almost all cellular processes, and dysregulation of expression and function is associated with a range of disorders. A number of studies in human have recently shown that genetic factors significantly contribute gene expression variation. In contrast, very little is known about the genetic basis of variation in protein abundance in man. Here, we assayed the abundance levels of proteins in plasma from 96 elderly Europeans using a new aptamer-based proteomic technology and performed genome-wide local (cis-) regulatory association analysis to identify protein quantitative trait loci (pQTL). We detected robust cis-associations for 60 proteins at a false discovery rate of 5%. The most highly significant single nucleotide polymorphism detected was rs7021589 (false discovery rate, 2.5 3 10 212 ), mapped within the gene coding sequence of Tenascin C (TNC). Importantly, we identified evidence of cis-regulatory variation for 20 previously disease-associated genes encoding protein, including variants with strong evidence of disease association show significant association with protein abundance levels. These results demonstrate that common genetic variants contribute to the differences in protein abundance levels in human plasma. Identification of pQTLs will significantly enhance our ability to discover and comprehend the biological and functional consequences of loci identified from genome-wide association study of complex traits. This is the first largescale genetic association study of proteins in plasma measured using a novel, highly multiplexed slow off-rate modified aptamer (SOMAmer) proteomic platform.
INTRODUCTION
The Genome-wide association studies (GWAS) have successfully identified several common susceptibility variants associated with complex traits. However, multiple variants of small to intermediate effect sizes identified by GWAS often explain small proportion of trait's estimated heritability (1, 2) . For example, the estimated genetic heritability of type 2 diabetes (T2D) is 40%, but 40 loci identified by T2D GWAS to date collectively explain ,10% of the variation in T2D (3 -5) . Furthermore, GWAS provides a limited insight into the mechanisms through which common genetic variant influences trait variations. Studies that link genetic variants with gene expression, protein abundance and other intermediate phenotypes that manifest as trait variation may provide a means to reveal the underlying mechanisms.
Recent research in human and model organisms has shown that genetic variants influence gene expression. Several studies have identified expression quantitative trait loci (eQTL), showing local variations contribute to the transcript expression levels, in yeast and mice using recombinant inbred strains (6 -11) . Gene expression values as quantitative traits have been reported in humans using lymphocytes, Epstein -Barr virus-transformed lymphoblastoid cell lines (LCLs) and tissues including the adipose, blood, brain and liver (12) (13) (14) (15) (16) (17) (18) . These studies have demonstrated that mRNA expressions are highly heritable and genetic factors account for a substantial proportion of the variation in human gene expression. In addition, these studies showed that variants mapping primarily in the vicinity of the gene (cis-effect) have stronger effects than variants mapping at distances .1 mb or located on different chromosomes (trans-effect). In some cases, eQTLs have been shown to be associated with diseases, but in general the functional significance of eQTLs remains unknown (19) (20) (21) (22) .
Most genes encode for proteins; therefore, functionally important changes in mRNA expression are expected to be reflected in changes in the levels of corresponding proteins. However, a weak correlation between transcript and protein levels in yeast shows that various other mechanisms of posttranscriptional regulation can lead to changes in protein abundance in the absence of a corresponding transcript effect (23) . Thus, as a more proximal component of trait variations, direct examination of the proteome in relation to common genetic variants may provide biological insights and disease biomarkers that cannot be captured through evaluation of the transcriptome alone. Efforts to identify genetic variants associated with protein abundance in human have lagged behind when compared with many published studies on eQTL identification. To our knowledge, only two studies have so far explored an association between single nucleotide polymorphisms (SNPs) and protein abundance levels in human (24, 25) . One study described experiments associating SNPs with 42 serum proteins measured in a population of 1200 individuals (24) . This study resulted in the identification of protein QTL associating with eight serum proteins (cis-effects) including interleukin-6 receptor (IL6R) and one trans-effect between ABO blood group and tumor necrosis factor-alpha. Using 2D difference gel electrophoresis approach, the second study measured 544 proteins in a population of 24 human LCLs and identified protein quantitative trait loci (pQTLs) for 15 proteins (25) .
The aim of the present study was to identify polymorphic variants significantly associated with protein abundance levels in human plasma. We conducted a genome-wide association analysis using protein levels as the primary phenotype. We used an aptamer-based proteomic technology to quantify protein abundances of 813 proteins measured from the plasma of 96 elderly healthy individuals, at risk for age-related chronic disease.
RESULTS
The study cohort of normal elderly individuals consisted of 42 males (43.8%) and 54 females (56.2%) with a mean age of 72.1 years (ranging from 52 to 87). A total of 778 proteins were used for the association analysis after removing three proteins for which there were no SNPs found in Illumina Hap610 SNP array. These 778 proteins represent a wide range of protein families including signaling proteins, cytokines, growth factors and kinases (Supplementary Material, Fig. S1 ). We imputed genotypes with reference to genotypes from 1000G EUR (see 'MATERIALS AND METHODS'). We chose imputed SNPs with minor allele frequencies (MAFs) of .5% and MACH RSQ values of ≥0.3 for further analyses. (The MACH RSQ value is a post-imputation quality score that indicates the correlation between true and estimated allele counts of imputed SNPs.) Applying these criteria, 776 864 genetic variants were successfully imputed for regions of genes encoding for 778 proteins.
We identified cis-SNPs, by testing for association between protein abundance and SNP genotypes, within 300 kb of the gene encoding the relevant protein. SNPs were considered to be significantly associated with protein abundance levels if they passed the threshold of genome-wide false discovery rate (FDR), Q ,0.05. A total of 2016 SNPs representing 60 of the 778 proteins tested show significant evidence for cis-effect variation (Supplementary Material, Table S4 ). The most significantly associated SNP for each protein is reported in Table 1 (top SNPs in Table 1 ). Examples of these cis-SNPs are shown in Figure 1 (Supplementary Material, Fig. S2 ). The most highly significant SNP detected was rs7021589 (FDR, 2.5 × 10 212 ), mapped within the gene coding sequence of Tenascin C (TNC).
Genetic variants in the protein-coding region were found to be enriched in significant cis-SNPs when compared with variants in non-coding regions (OR ¼ Table S1 ). The non-synonymous coding SNP rs1065489 in CFH alters the amino acid Glu to Asp at position 936, whereas the SNP rs2304456 in KNG1 causes Ile to Met alteration at position 197. The amino acid substitution in KNG1 is predicted to be damaging (Supplementary Material, Table S1 ). The rs267738 in CTSS is a non-synonymous SNP that causes Glu to Ala, Gly and Val alterations at position 115 and the change Glu115Ala is predicted to be conservative and deleterious (Supplementary Material, Table S1 ). The papain family cysteine protease protein CTSS is localized in lysosome and interacts with KNG1 (26) . Alterations caused by coding variants Chr, chromosome; Alleles (R/E), alleles are given as the reference (R)/effect (E) allele; b (SE), beta, change in phenotype per allele copy and its standard error estimated from the linear model. rs2228145 (Asp358Ala) in IL6R, rs28647808 (Pro618Ala) in ADAM metallopeptidase with thrombospondin type 1 motif, 13 (ADAMTS13), rs4917 (Met248Thr) in alpha-2-HSglycoprotein (AHSG), rs1800450 (Gly54Asp) in mannosebinding lectin (protein C) 2, soluble (MBL2) and rs2232613 (Pro333Leu) in LBP are predicted to be damaging. More than 30% of the identified SNPs mapped onto the intronic region of the gene coding for the proteins, which includes platelet-derived growth factor receptor, beta polypeptide (PDGFRB), teratocarcinoma-derived growth factor 1 (TDGF1), IL1R accessory protein (IL1RAP), TNC, chemokine (C-C motif) ligand 16 (CCL16), coagulation factor VII (F7), ADAMTS13 and microtubule-associated protein tau (MAPT). One of the significant SNPs detected for IL6R protein on chromosome 1 was rs4129267 (FDR, 1.86 × 10
208
). The association of rs4129267 with IL6R protein level has been previously reported in an ELISA-based study (24) .
Twenty of the 60 genes encoding protein have previously been associated with diseases and traits by GWAS studies. In particular, 16 cis-SNPs have been associated with different disease including Alzheimer's disease (Supplementary Material, Table S2 ). The SNP rs1801274 identified in FCGR2A is associated with ulcerative colitis (27, 28) , rs4129267 in IL6R is associated with asthma and C-reactive protein levels (29, 30) , rs1420101 in IL1RL1 is associated with plasma eosinophil count and asthma (31) , and most significantly in a study of elderly people, two SNPs rs3826656 and rs3865444 in CD33 have been associated with Alzheimer's disease (32, 33) . We detected cases where identified cis-SNPs are associated with more than two diseases and traits (Supplementary Material, Table S2 ). For example, the SNP rs4129267 is associated with IL6R serum protein levels, pulmonary function traits, asthma and C-reactive protein (34) ; and the IL6R SNP rs4129267 is in strong linkage disequilibrium (LD) with rs8192284 (r 2 ¼ 0.98) that is associated Fibrinogen levels (35) . In addition, we found evidence for genetic associations of gene encoding proteins in our study with different phenotypes available in the GWAS catalogue (Supplementary Material, Table S2 ). Genetic variants in the gene IL1RAP are associated with lung cancer and waist circumference (36, 37) ; variants in F7 are associated with hematological phenotypes (38) ; variant in EPHA1 is associated with Alzheimer's disease (32, 33) ; SNPs in CFH are associated with nephropathy and age-related macular degeneration (39, 40) ; and variants in MAPT are associated with progressive supranuclear palsy and Parkinson's disease (41, 42) .
We assessed whether identified cis-SNPs in our study were also the SNPs most strongly associated with the gene expression using publically available resources (43, 44) . A total of 32 cis-SNPs have been associated with the expression levels of 23 genes in different tissue types. The SNP, rs723177 is associated with FCGR2A gene expression in Epstein -Barr virustransformed LCLs (b ¼ 0.47, P , 1.10 × 10
207
) derived from children and the expression of FCGR2A is highly heritable (h 2 ¼ 9.09) (Supplementary Material, Table S3a ). It is remarkable that the effect allele C of rs723177 increases both gene expression and protein abundance levels (b ¼ 0.68, FDR ,7.41 × 10 205 ). We found evidences of strong SNP-gene expression association for several cis-SNPs from the meta-analysis of HapMap human LCLs (Supplementary Material, Table S3b ). Interestingly, we found six SNP-gene expression associations for IL16 in LCL and three associations for SURF6 in the brain frontal cortex from the genotype-tissue expression (GTEx) expression QTL browser (Supplementary Material, Table S3c ).
DISCUSSION
The results of the present study show that common genetic variants influence the abundance of plasma proteins. This study provides the first assessment of pQTL on a large scale. Earlier candidate protein studies have merely explored genetic associations with single-protein measures, or small numbers of proteins as measures by ELISA (24) . We used aptamer-based technology [slow off-rate modified aptamer (SOMAmers)] to quantify the abundance levels of proteins. SOMAmers are single-stranded nucleic acids that form welldefined three-dimensional shapes, allowing them to bind target molecules in a manner that is conceptually similar to antibodies. SOMAmers combine the optimal characteristics of small molecules and antibodies, including high specificity and affinity, chemical stability and the ability to target protein -protein interactions (44, 45) .
Large-scale proteomic and high-density genotyping in plasma from elderly normal individuals has allowed us to test 776 864 SNP -protein associations representing 778 proteins. Given the sample size of 96 individuals, our study is not well powered to detect trans-effects and hence we tested only cis-associations between each proteins and SNPs within 300 kb of the gene encoding the relevant protein. The Bonferroni corrected P-value for testing 776 864 SNPs is P , 6.64 × 10
208 . LD exists between SNPs but they are assumed to be completely independent in the Bonferroni method of adjusting for multiple comparisons. LD-based pruning may used to estimate the number of independent SNPs. However, the estimates obtained with LD pruning may be more or less conservative under varying levels of LD (at r 2 ¼ 0.8, there are 172 248 independent SNPs in our study, at r 2 ¼ 0.5, 103 517 independent SNPs and at r 2 ¼ 0.2, there are only 43 300 independent SNPs). Given that the Bonferroni method is likely to be conservative and the LD pruning is based on the choice of the LD level, we used the FDR to identify significant SNP -protein associations.
A total of 2106 unique SNP -protein associations representing 60 proteins were identified at FDR ,0.05 (Supplementary Material, Table S4 ). Eight of 60 proteins involved in LXR/ RXR activation (KNG1, APOE, IL1RL1, AHSG, C4B, LBP, SAA1 and IL1RAP), five proteins in cytokine -cytokine receptor interaction pathway (CCL16, IL18R1, IL6R, PDGFRB and XCL1), four proteins involved in complement and coagulation cascades (C2, CFH, F7, KNG1 and MBL2), and two in Fc gamma R-mediated phagocytosis pathway (FCGR2A, FCGR2B) . One of the cis-SNPs, rs4129267 is significantly associated with the abundance of IL6R protein. This association was reported in a previous pQTL study, where 42 proteins were measured in human serum using ELISA (24) . It is noteworthy that the direction of the effect is in the same direction as reported in Melzer et al. study although the protein abundance was measured by two different approaches. To confirm the robustness of our cis-SNPs finding, we used the proteomic data from the Alzheimer's Disease Neuroimaging Initiative (ADNI) plasma-based biomarker study, which includes 58 controls. A total of 190 proteins were measured on the Luminex xMAP platform by Rules-Based Medicine in ADNI and six of them overlapped with our data. Five cis-SNPs representing two genes (IL6R and TNC) were marginally associated with protein abundance levels (Supplementary Material, Table S5 ). Further studies with large sample sizes would be required to assess the robustness of our cis-SNP findings.
Our protein QTL analyses provide several insights regarding the role of genetic variants identified by GWA studies of common disease/traits. In several instances, disease-associated variant influences the protein abundance levels. For example, rs3865444 on chromosome 19q13.3 is strongly associated with AD in a meta-analysis of several case-control studies (OR ¼ 0.91, P , 1.9 × 10 209 ). The effect allele A of rs3865444 reduces the protein abundance of CD33 (b ¼ 20.45, FDR ,5.06 × 10 209 ) indicating that the variant might influence AD susceptibility through a mechanism of altered protein abundance. CD33 is a member of sialic acid-binding immunoglobulin-like lectin (Siglec) family, which regulates functions of cell in the innate and adaptive immune systems (46) . SIGLEC9 is one of the CD33-related Siglecs located 100.2 kb proximal to CD33 and involved in down-regulating innate immune responses (47) . Interestingly, we detected a non-synonymous cis-SNP rs2075803 (Lys100Glu) that modulates SIGLEC9 protein abundance levels indicating SIGLEC9 is a plausible biological candidate for AD. In some instances, cis-SNPs are associated with susceptibility to more than one trait indicating genetic pleiotropy (Supplementary Material, Table S2 ). We also note several examples of diseaseassociated variants from the same gene encoding the protein that are different from cis-SNPs. For example, the SNP rs11767557 is strongly associated with AD (OR ¼ 0.90, P , 6.0 × 10
210
) and is not associated with protein abundance levels (P ¼ 0.038), whereas the non-synonymous SNP rs4725617 located 12.04 kb proximal to rs11767557 (r 2 ¼ 0.005 and D ′ ¼ 0.490) is strongly associated with protein abundance levels.
As observed in several eQTL studies, our study showed that protein QTLs can be mapped by GWAS approaches and cis-SNPs are within the proximity of the gene encoding the protein. For the cis-SNP rs723177 in FCGR2A, we found an evidence of gene expression variation in LCLs indicating cisregulatory genetic variant modulating both PDGRFB transcript and protein levels. For 23 cis-associated proteins, we have found several SNPs in the same gene encoding the protein associated with gene expression levels indicating possible simultaneous genetic perturbations on transcript and protein levels. Although it is assumed that genetic perturbations of transcript levels are correlated with protein levels, molecular events such as alternative splicing, transport and localization, translational efficiency and degradation, all of which influence protein levels independently of transcripts. It is important to note that the plasma protein levels measured in our elderly individuals may be affected by the constellation of changes that occur with advanced age including the environment. Although we remove the effect of age in our SNPprotein association testing, the altered protein levels induced by genetic variants and its temporal interaction with environment remains to be investigated.
In summary, using a population-based genetic mapping of proteomics variation, we have identified common genetic variants that influence abundance levels of 60 proteins in human plasma. pQTLs identified in this study represent a subset of total genetic variation that are potential candidates for the involvement in human phenotypes including diseases. Genetic variants that influence the protein abundance have a clear impact at the cellular level and result in phenotypic differences. The subsequent identification of pQTLs across various cell types and tissues could facilitate identification of all regulatory variation relevant in complex traits and diseases.
MATERIALS AND METHODS

Samples and diagnostic criteria
A total of 100 normal elderly individuals were selected from the AddNeuroMed study, a European multi-center study for the discovery and validation of biomarkers for Alzheimer's disease. These samples were collected from six centers: Aristotle University of Thessaloniki (Greece), King's College London (UK), Medical University of Lodz (Poland), University of Kuopio (Finland), University of Perugia (Italy) and University of Toulouse (France). Informed consent was obtained for all subjects, and the relevant institutional review board at each data acquisition site approved protocols and procedures.
Protein abundance data
Plasma samples from the remaining 96 cognitively normal individuals were analyzed using an aptamer-based proteomic technology, which is capable of simultaneously measuring thousands of proteins (44, 45) . This technology uses a new class of DNA-based aptamer, the SOMAmer that contains chemically modified nucleotides. Using a multiplexed assay, the quantity of each targeted protein is transformed into a corresponding quantity of aptamer, which is quantified on a custom DNA microarray. Protein quantities are recorded as relative fluorescent units, which can be converted to concentrations by comparison with standard curves. For each sample, the protein levels of 813 proteins were assayed. Thirty-two proteins that are highly correlated (r . 0.5) with kidney function marker proteins cystatin-C and beta-2 microglobin were removed from further analyses.
Genotyping and imputation
The AddNeuroMed samples were genotyped using the Illumnia HumanHap610-Qaud Beadchip at CNG (Centre National de Génotypage CNG, France). Genotype quality control (QC) was performed with software packages PLINK (48) and EIGENSTRAT (49, 50) . Four individuals were excluded owing to the low genotyping call rate (,98% chip-wide genotyping success). We further removed SNPs with call rates ,98%, MAF ,0.05 and Hardy -Weinberg equilibrium, P , 10 -5
. All individuals were screened for relatedness using PLINK by calculating the pairwise estimated proportion of alleles shared identical-by-descent (referred as Pi-hat in PLINK) on 113 554 randomly distributed markers throughout the genome. Pairwise Pihat values in excess of 0.01 were indicative of relatedness. This step did not eliminate any individuals, indicating un-relatedness in the study participants. Following QC measures, we assessed the population structure of AddNeuroMed participants using principle component analysis implemented in EIGENSTRAT. No further samples were excluded from further analyses. Imputation was performed on the cleaned data using Minimac software, which uses MaCH algorithm for genotype imputation (51, 52) . Imputation included a 1000 Genomes (1000G) imputation reference panel for European population (EUR) in NCBI Build 37 from the 1000G Interim Phase I data release (June 2011).
Genome-wide association analysis with protein measures
The abundance of each protein was log transformed and then adjusted for age, gender and study site using linear regression (LR) models in R (53) . The residuals from the regression were used as the phenotype values for all subsequent analyses. For association testing, the allelic dosages, which represent the expected number of copies of a distinct allele rather than the best-guess imputed genotype of each SNP, were analyzed in an LR framework in order to account for imputation uncertainty. Adjustment for the population structure was performed with MACH2QTL software by including the first five principal components derived from an EIGENSTRAT analysis of genotype data as covariates. For the cis-analysis, the association of SNPs with abundance levels was calculated for each protein within a 300-kb window around the gene coding for that protein. Regression P-values were adjusted to FDR by the q-value procedure implemented in R Bioconductor package Q-value (54) . We used FDR 5% as a threshold to identify significant cis-genetic associations.
